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Abstract
A new mechanism of black hole formation in a first order phase transition is proposed. In
vacuum bubble collisions the interaction of bubble walls leads to the formation of nontrivial
vacuum configuration. The consequent collapse of this vacuum configuration induces the black
hole formation with high probability. The primordial black holes that have been created by this
way at the end of first order inflation could give essential contribution into the total density of
the early Universe. The possibilities to establish some nontrivial restrictions on the inflation
models with first order phase transition are discussed.
1 Introduction
At present time black holes (BH) can be created only by a gravitational collapse of compact objects
with mass more than about three Solar mass 1). However at the early stage of evolution of the Universe
there where no limits on the mass of BH formed by several mechanisms. The simplest one is a collapse
of strongly inhomogeneous regions just after the end of inflation (see e.g. 2)). Another possible source
of BH could be a collapse of cosmic strings 3) that are produced in early phase transitions with
symmetry breaking. The collisions of the bubble walls 4, 5) created at phase transitions of the first
order can lead to a primordial black hole (PBH) formation.
We discuss here new mechanism of PBH production in the collision of two vacuum bubbles. The
known opinion of the BH absence in such processes is based on strict conservation of the original O(2,1)
symmetry. Whereas there are ways to break it . Firstly, the radiation of scalar waves indicates the
entropy increasing and hence the permanent breaking of the symmetry during the bubble collision.
Secondly, the vacuum decay due to thermal fluctuation does not possess this symmetry from the
beginning. The simplest example of a theory with bubble creation is a scalar field theory with two
non degenerated vacuum states. Being stable at a classical level, the false vacuum state decays due to
quantum effects, leading to a nucleation of the bubbles of true vacuum and their subsequent expansion.
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6) The potential energy of the false vacuum is converted into a kinetic energy of the bubble walls thus
making them highly relativistic in a short time. The bubble expands till it collides with another
one. As it was shown in 4, 5) a black hole may be created in the collision of several bubbles. Our
investigations show that BH can be created as well with a probability of order unity in the collisions
of only two bubbles. It initiates the enormous production of BH that leads to essential cosmological
consequences discussed below.
In Section 2 the evolution of the field configuration in the collisions of bubbles is discussed. The
BH mass distribution is obtained in Section 3. In Section 4 cosmological consequences of the BH
production in bubble collisions at the end of inflation are considered.
2 Evolution of field configuration in collisions of vacuum bubbles
Consider a theory where a probability of false vacuum decay equals Γ and difference of energy density
between the false and true vacuum outside equals ρV . Initially bubbles are produced at rest however
walls of the bubbles quickly increase their velocity up to the speed of light v = c = 1 because a
conversion of the false vacuum energy into its kinetic ones is energetically favorable.
Let us discuss dynamics of collision of two true vacuum bubbles that have been nucleated in points
(r1, t1), (r2, t2) and which are expanding into false vacuum. Following papers
4, 7) let us assume for
simplicity that the horizon size is much greater than the distance between the bubbles. Just after
collision mutual penetration of the walls up to the distance comparable with its width is accompanied
by a significant potential energy increase 8). Then the walls reflect and accelerate backwards. The
space between them is filled by the field in the false vacuum state converting the kinetic energy of the
wall back to the energy of the false vacuum state and slowdown the velocity of the walls. Meanwhile
the outer area of the false vacuum is absorbed by the outer wall, which expands and accelerates
outwards. Evidently, there is an instant when the central region of the false vacuum is separated.
Let us note this false vacuum bag (FVB) does not possess spherical symmetry at the moment of its
separation from outer walls but wall tension restores the symmetry during the first oscillation of FVB.
As it was shown in 7), the further evolution of FVB consists of several stages:
1) FVB grows up to the definite size DM until the kinetic energy of its wall becomes zero;
2) After this moment the false vacuum bag begins to shrink up to a minimal size D∗;
3) Secondary oscillation of the false vacuum bag occurs.
The process of periodical expansions and contractions leads to energy losses of FVB in the form of
quanta of scalar field. It has been shown in the 7, 9) that only several oscillations take place. On the
other hand, important note is that the secondary oscillations might occur only if the minimal size of
the FVB would be larger than its gravitational radius, D∗ > rg. The opposite case (D
∗ < rg ) leads to
the BH creation with the mass about the mass of the FVB. As we will show later the probability of BH
formation is almost unity in a wide range of parameters of theories with first order phase transitions.
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3 Gravitational collapse of FVB and BH creation
Consider in more details the conditions of converting FVB into BH. The mass M of FVB can be
calculated in a framework of a specific theory and can be estimated in a coordinate system K ′ where
the colliding bubbles are nucleated simultaneously. The radius of each bubble b′ in this system equals
to half of their initial coordinate distance at first moment of collision. Apparently the maximum size
DM of the FVB is of the same order as the size of the bubble, since this is the only parameter of
necessary dimension on such a scale: DM = 2b
′C. The parameter C ≃ 1 is obtained by numerical
calculations in the framework of each theory, but its exact numerical value does not affect significantly
conclusions.
One can find the mass of FVB that arises at the collision of two bubbles of radius:
M =
4π
3
(
Cb′
)3
ρV (1)
This mass is contained in the shrinking area of false vacuum. Suppose for estimations that the minimal
size of FVB is of order wall width ∆. The BH is created if minimal size of FVB is smaller than its
gravitational radius. It means that at least at the condition
∆ < rg = 2GM (2)
the FVB can be converted into BH (where G is the gravitational constant).
As an example consider a simple model with Lagrangian
L =
1
2
(∂µΦ)
2 − λ
8
(
Φ2 − Φ20
)2 − ǫΦ30 (Φ + Φ0) . (3)
In the thin wall approximation the width of the bubble wall can be expressed as ∆ = 2
(√
λΦ0
)
−1
.
Using (2) one can easily derive that at least FVB with mass
M >
1√
λΦ0G
(4)
should be converted into BH of mass M. The last condition is valid only in case when FVB is completely
contained in the cosmological horizon, namely MH > 1/
√
λΦ0G where the mass of the cosmological
horizon at the moment of phase transition is given byMH ∼= m3pl/Φ20. Thus for the potential (3) at the
condition λ > (Φ0/mpl)
2 the BH is formed. This condition is valid for any realistic set of parameters
of theory.
The mass and velocity distribution of FVBs, supposing its mass is large enough to satisfy the
inequality (2), has been found in 10). This distribution can be written in the terms of dimensionless
mass µ ≡ (pi3Γ)1/4
(
M
Cρv
)1/3
:
dP
Γ−3/4V dvdµ
= 64π
(
pi
3
)1/4
µ3eµ
4
γ3J(µ, v),
J(µ, v) =
∫
∞
τ dτe
−τ4 , τ− = µ
[
1 + γ2 (1 + v)
]
.
(5)
The numerical integration of (5) revealed that the distribution is rather narrow. For example the
number of BH with mass 30 times greater than the average one is suppressed by factor 105. Average
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value of the non dimensional mass is equal to µ = 0.32. It allows to relate the average mass of BH
and volume containing the BH at the moment of the phase transition:
〈MBH〉 = C
4
µ3ρv 〈VBH〉 ≃ 0.012ρv 〈VBH〉 . (6)
4 First order phase transitions in the early Universe
Inflation models ended by a first order phase transition hold a dignified position in the modern cosmol-
ogy of early Universe (see for example 11, 12)). The interest to these models is due to, that such models
are able to generate the observed large-scale voids as remnants of the primordial bubbles for which
the characteristic wavelengths are several tens of Mpc. 12). A detailed analysis of a first order phase
transition in the context of extended inflation can be found in 13). Hereafter we will be interested
only in a final stage of inflation when the phase transition is completed. Remind that a first order
phase transition is considered as completed immediately after establishing of true vacuum percolation
regime. Such regime is established approximately when at least one bubble per unit Hubble volume
is nucleated. Accurate computation 13) shows that first order phase transition is successful if the
following condition is valid:
Q ≡ 4π
9
(
Γ
H4
)
tend
= 1. (7)
Here Γ is the bubble nucleation rate. In the framework of first order inflation models the filling
of all space by true vacuum takes place due to bubble collisions, nucleated at the final moment of
exponential expansion. The collisions between such bubbles occur when they have comoving spatial
dimension less or equal to the effective Hubble horizon H−1end at the transition epoch. If we take
H0 = 100hKm/ sec /Mpc in Ω = 1 Universe the comoving size of these bubbles is approximately
10−21h−1Mpc. In the standard approach it believes that such bubbles are rapidly thermalized without
leaving a trace in the distribution of matter and radiation. However, in the previous section it has
been shown that for any realistic parameters of theory, the collision between only two bubble leads to
BH creation with the probability closely to 100% . The mass of this BH is given by (see (6))
MBH = γ1Mbub (8)
where γ1 ≃ 10−2 and Mbub is the mass that could be contained in the bubble volume at the epoch
of collision in the condition of a full thermalization of bubbles. The discovered mechanism leads to
a new direct possibility of PBH creation at the epoch of reheating in first order inflation models. In
standard picture PBHs are formed in the early Universe if density perturbations are sufficiently large,
and the probability of PBHs formation from small post- inflation initial perturbations is suppressed
exponentially. Completely different situation takes place at final epoch of first order inflation stage;
namely collision between bubbles of Hubble size in percolation regime leads to PBHs formation with
masses
M0 = γ1M
hor
end =
γ1
2
m2pl
Hend
, (9)
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where Mhorend is the mass of Hubble horizon at the end of inflation. According to (6) the initial
mass fraction of this PBHs is given by β0 ≈ γ1/e ≈ 6 · 10−3. For example, for typical value of
Hend ≈ 4 · 10−6mpl the initial mass fraction β is contained in PBHs with mass M0 ≈ 1g.
In general the Hawking evaporation of mini BHs could give rise to a variety possible end states. It
is generally assumed, that evaporation proceeds until the PBH vanishes completely 14), but there are
various arguments against this proposal (see e.g. 15)). If one supposes that BH evaporation leaves a
stable relic, then it is naturally to assume that it has a mass of order mrel = kmpl, where k ≃ 1÷ 102.
We can investigate the consequences of PBH forming at the percolation epoch after first order inflation,
supposing that the stable relic is a result of its evaporation. As it follows from our above consideration
the PBHs are preferentially formed with a typical massM0 at a single time t1. Hence the total density
ρ at this time is
ρ(t1) = ργ(t1) + ρPBH(t1) =
3(1 − β0)
32πt21
m2pl +
3β0
32πt21
m2pl (10)
The evaporation time scale can be written in the following form
τBH =
M30
g∗m4pl
(11)
where g∗ is the number of effective massless degrees of freedom.
Let us derive the density of PBH relics. There are two distinct possibilities to consider.
The Universe is still radiation dominated at τBH . This situation will be hold if the following
condition is valid ρBH(τBH) < ργ(τBH). It is possible to rewrite this condition in terms of Hubble
constant at the end of inflation
Hend
mpl
> β
5/2
0 g
−1/2
∗ ≃ 10−6 (12)
Taking the present radiation density fraction of the Universe to be Ωγ0 = 2.5 · 10−5h−2 (h being the
Hubble constant in the units of 100km ·s−1Mpc−1), and using the standard values for the present time
and time when the density of matter and radiation become equal, we find the contemporary densities
fraction of relics
Ωrel ≈ 1026h−2k
(
Hend
mpl
)3/2
(13)
It is easily to see that relics overclose the Universe (Ωrel >> 1) for any reasonable k and Hend >
10−6mpl.
The second case takes place if the Universe becomes PBHs dominated at period t1 < t2 < τBH .
This situation is realized under the condition ρBH(t2) < ργ(t2), which can be rewritten in the form
Hend
mpl
< 10−6. (14)
The present day relics density fraction takes the form
Ωrel ≈ 1028h−2k
(
Hend
mpl
)3/2
(15)
Thus the Universe is not overclosed by relics only if the following condition is valid
Hend
mpl
≤ 2 · 10−19h4/3k−2/3. (16)
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This condition implies that the masses of PBHs created at the end of inflation have to be larger then
M0 ≥ 1011g · h−4/3 · k2/3. (17)
From the other hand there are a number of well–known cosmological and astrophysical limits 16) which
prohibit the creation of PBHs in the mass range (17) with initial fraction of mass density closed to
β0 ≈ 10−2.
So one have to conclude that the effect of the false vacuum bag mechanism of PBH formation
makes impossible the coexistence of stable remnants of PBH evaporation with the first order phase
transitions at the end of inflation.
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